The physical and chemical stability of various biorelevant media (FaSSGF, FaSSIF V1, FaSSIF V2, FaSSIF V3, and FeSSIF) were investigated over periods after preparation of up to 120 h at room temperature (RT) (22 °C) and 37 °C. It was shown that biorelevant instant powders are not a source of microbiological contamination. It was also established that the physical characteristics of FaSSGF and FeSSIF are invariant with time, so they can be used immediately after preparation, i.e., without any equilibration time. Alternatively, they can be stored for up to 96 h at RT before use. By contrast, FaSSIF V1 requires an equilibration time of 2 h, and FaSSIF V2 requires an equilibration time of 24 h to enable the media characteristics to stabilize. After this equilibration time, both FaSSIF V1 and V2 can also be stored for at least up to 96 h at RT prior to use; longer storage times have not yet been tested. The particle size of FaSSIF V3 appears to continually evolve over time. For FaSSIF V3, it is thus recommended that the waiting period between preparation and use be standardized among experiments. Additionally, the colloidal particle structures present in the various FaSSIF versions were analyzed by cryogenic transmission electron microscopy (Cryo-TEM). Various kinds of micelles (globular, disc, multilayer disc, and thread-like micelles) were observed in all samples, and some samples also contained unilamellar vesicles. Differences in solubility of drugs among the various FaSSIF versions can be partly explained by the results from Cryo-TEM.
INTRODUCTION

B
iorelevant media are a common tool in drug development and quality control in research labs and the pharmaceutical industry. Since the first publication in 1998, biorelevant media have been updated according to the latest knowledge of the gastrointestinal (GI) tract physiology, leading to an array of media versions that are available to simulate conditions in various segments of the GI tract (1). Biorelevant media include fasted-state gastric media (FaSSGF), three versions of fasted-state intestinal media (FaSSIF V1, FaSSIF V2, FaSSIF V3), and fed-state intestinal media (FeSSIF) . Factors such as the drug solubility under GI conditions, release from the dosage form, the potential for precipitation subsequent to release, food effects, stability of the drug upon exposure to GI fluids, and permeability through the intestinal membrane can all be tested under biorelevant conditions with these media (2) . The knowledge gained from these experiments leads to a better understanding of the drug's rate and extent of absorption, thus streamlining development and reducing costs (3) . Compared to compendial media, biorelevant media mimic the physiological conditions more accurately for many drug-drug product combinations (4) .
When biorelevant media were first introduced, it was necessary for the user to prepare the media freshly from the individual ingredients for each experiment. In the meantime, instant powder versions of several biorelevant media have become commercially available, obviating the need to manufacture them onsite, and they are now as simple to prepare as compendial media.
The question has been raised as to whether these commercially available versions of biorelevant media can generate reproducible and reliable results among batches, or if small differences in the composition, which dx.doi.org/10.14227/DT260219P6 e-mail: dressman@em.uni-frankfurt. de could occur during manufacturing, would have a negative influence on reproducibility. In a recent ring study, 16 industrial and academic laboratories utilized a total of 11 different batches of the commercially available instant powder that can be used to produce FaSSGF, FaSSIF V1, and FeSSIF (FaSSIF/FeSSIF/FaSSGF instant powder) in dissolution and two-stage release experiments (5) . Almost all results were within a 95% confidence interval, with just a few outliers that could be explained by lack of adherence to the experimental protocol. The authors concluded that, in a practical laboratory setting, biorelevant media can be used to obtain reproducible and reliable results. However, in those experiments the media were prepared on the day of the experiment, and it has not yet been clarified whether this protocol must be followed for the instant powders or if they can be stored for several days after reconstitution and still maintain their physicochemical properties and release behavior.
In this work, we examined certain key properties of biorelevant media upon reconstitution as well as under conditions of storage and use. The aim was to increase our understanding of the dynamic behavior of these media and to establish the minimum shelf life of the reconstituted media under typical conditions of storage and use. Specifically, the physical and chemical properties of FaSSGF, FaSSIF V1, FaSSIF V2, FaSSIF V3, and FeSSIF were investigated over periods of up to 96 h at room temperature (RT) (22 °C) with an additional 24 h at the end of the storage period under conditions applied in solubility studies, i.e., 37 °C. To gain further understanding of their behavior on a microscopic scale, the three different FaSSIF versions were also studied using cryogenic transmission electron microscopy (Cryo-TEM).
MATERIALS AND METHODS
All chemicals used were of analytical grade. The instant powders, FaSSIF/FeSSIF/FaSSGF-Powder (six batches), FaSSIF V2 (one batch), and FaSSIF V3 (one batch) were kindly donated by Biorelevant.com Ltd. (London, United Kingdom). For microbiological stability studies, ready-touse sterile tryptone soya broth medium was purchased from VWR Chemicals (Darmstadt, Germany). For electron microscopic analysis, copper grids with Lacey-Carbonfilm were purchased from Plano GmbH (Wetzlar, Germany). All commercially available media were prepared according to the standard operating procedures provided by Biorelevant.com Ltd. except for FaSSIF V3, which was prepared as described by Fuchs et al. (6, 7) . Table 1 shows an overview of the media composition. 
Stability and Quality Tests
To evaluate the quality and stability of the biorelevant media, freshly prepared media were subjected to an initial assessment and assessment during and after several days of storage at two storage temperatures (n = 3 for each time/storage condition), as shown in Figure 1 .
The parameters that were studied to evaluate the quality of the biorelevant media after various storage times included pH, buffer capacity, surface tension, turbidity, particle size, and particle size distribution.
Initial testing: According to the instructions provided by Biorelevant.com Ltd., all reconstituted media must be maintained at RT for 2 h after preparation before use. Therefore, for the initial assessment, the media were first stored for 2 h at RT (22 °C). Differences in the various parameters from just after reconstitution (i.e. the initial value) to the end of the waiting period (2 h after preparation) were studied to determine the need for an equilibration period. After 2 h, the media were then incubated at 37 °C for a further 22 h in a B12 microbiological incubator (Heraeus, Hanau, Germany). Although testing with biorelevant media representing the fasted state small intestine at 37 °C usually occurs over a period of 30 min to 4 h, these conditions were chosen to Extended storage: To explore the possibility that the media could be reconstituted and then held at RT for several days before use in release testing, the media was stored at RT over a period of 96 h and sampled after 24, 48, and 96 h. Physicochemical properties after 96 h of storage were compared with the properties after the 2 h equilibration time. This part of the study established how long the media can be kept at RT before use, without compromising their quality. After the media had been stored for 96 h at RT, they were incubated at 37 °C for a further 24 h in a B12 incubator and the parameters were assessed again. A comparison was also made between samples that had been exposed to 37 °C for 24 h after storing at RT for either 2 or 96 h.
To identify any changes at the microscopic level during equilibration, storage and release testing, samples of the three versions of FaSSIF were taken at various time and temperature combinations and evaluated by Cryo-TEM.
Buffer Capacity
The buffer capacity of FaSSIF V1, FaSSIF V2, FaSSIF V3, and FeSSIF was measured in triplicate by titration with 1 M hydrochloric acid (HCl) (8) . Measured values were compared to previously published data (9) .
Surface Tension
The surface tension of the media was measured with a Delta-8 multichannel microtensiometer (n = 8) and an AquaPi portable tensiometer (n = 3) by Kibron Inc. (Helsinki, Finland). Measurements were carried out at 19 °C (7, 9) .
Turbidity
Turbidity was measured with an Orion AQ3010 turbidity instrument from Thermo Scientific (Dratford, United Kingdom). The instrument was calibrated on each day of use with a styrene divinylbenzene primary standard provided by Thermo Scientific. Results are reported in nephelometric turbidity units (NTU).
Particle Size and Polydispersity Index
Particle size distributions were measured using a Zetasizer Nano ZS by Malvern Instruments (Worcestershire, United Kingdom) via photon correlation spectroscopy (PCS). All samples were analyzed without dilution.
Microbiological Analysis
The aim of these experiments was to determine whether the instant powder versions of the biorelevant media are a significant source of microbiological contamination. For this reason, FaSSIF V1, V2, and V3 media were prepared using buffers that had been sterilized by autoclaving (n = 3). To further decrease the risk of contamination from other sources, media preparation was performed in a laminar flow bench (10) . Media were stored at RT (22 °C ± 1 °C) and 10-mL samples were transferred into sterile tryptone soya broth at 24, 48, 72, and 96 h. In each case, the broth was visually observed for turbidity and precipitation over 14 days at RT, according to the specifications for sterility of the 9 th European Pharmacopeia (11) . As a positive control, a saliva sample was added to the sterile tryptone soya and subjected to the same incubation conditions. It was not necessary to subject FeSSIF and FaSSGF to the microbiological test, as these media are produced from the same powder as FaSSIF V1.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)
Cryo-TEM of FaSSIF V1, V2, and V3 was carried out to identify the colloidal structures present in the media. Sampling points are shown in Figure 1C . Vitrification of samples was performed with a plunge freezer, Vitrobot Mark IV (Thermo Fisher Scientific, Eindhoven, Netherlands). The relative humidity was set to 100%, and blot time was adjusted to 4 seconds. A 4-µL sample was transferred to a carbon-copper grid and frozen in liquid ethane at melting point. Grids were stored under liquid nitrogen until further analysis at -196 °C. A FEI Tecnai G2 F30 Twin TEM (Thermo Fisher Scientific) was used to evaluate the samples and a Falcon 3EC direct detector (Thermo Fisher Scientific) was used for image recording. The imaging process was performed under low-dose conditions.
Statistics and Data Analysis
Statistical evaluation was carried out using Microsoft Excel 2016 and SPSS Statistics (version 24, IBM). Data were reported as the arithmetic mean and standard deviation except for pH values, which were reported as the geometric mean together with the range.
A mixed model analysis of variance (ANOVA) was performed for the storage assessment at RT, assigning the measurement parameters (pH, surface tension, etc.) as 'within-subject' variables and time as the 'betweensubject' factor. The Type I error was set to 0.05.
The paired t-test, unpaired t-test, Wilcoxon test, and
Mann-Whitney U-test were used to evaluate results from the initial assessment and to compare results between the initial and extended storage assessments after an additional 24 h at 37 °C.
Where a significant difference was detected (p ≤ 0.05), the p-value is reported, whereas when the results were not statistically different (p > 0.05), no p-value is reported.
RESULTS
All results are available in full detail in the Supplementary Material available upon request from the authors.
Physical Stability
The results for the physical stability in terms of pH, buffer capacity, surface tension, particle size, polydispersity index, and turbidity are summarized for all media in Figures 2 and 3.
FaSSGF
Room temperature storage: Values of pH, surface tension, and turbidity did not change appreciably over the equilibration period of 2 h. Moreover, the mean pH (1.58, range: 1.55-1.64), surface tension (57.77 ± 5.19 mN/m), and turbidity (0.26 ± 0.13 NTU) of FaSSGF also remained stable over the entire storage period of 96 h at RT. The buffer capacity could not be measured accurately for FaSSGF due to the lack of buffer components in this medium. Likewise, PCS measurements for particle size of FaSSGF were inconclusive due to the low concentration of particles.
Additional storage at 37 °C: Samples of FaSSGF stored for 2 h at RT then exposed to 37 °C for 24 hours exhibited stable pH and turbidity. The surface tension decreased from 58.3 ± 4.5 mN/m after 2 h at RT to 46.1 ± 1.36 mN/m (p = 0.005) after the additional 24 h at 37 °C.
After 96 h of storage at RT, there was a slight increase in pH from 1.51 (1.48-1.55) to 1.62 (1.59-1.67) when the sample was additionally exposed to 37 °C for 24 h. An increase in turbidity from 0.21 to 2.49 NTU (p < 0.001) was also recorded. The surface tension remained stable under these conditions. The pH and surface tension were similar between the FaSSGF samples that had been stored at RT for 96 h then held at 37 °C for 24 h and those stored for 2 h at RT, then held at 37 °C for 24 h. Although the turbidity increased to a higher value when exposed to 37 °C for 24 h after 96 h at RT (2.49 ± 0.47 NTU) compared to 2 h at RT (0.18 ± 0.07 NTU, p < 0.001), the absolute value remained low.
FaSSIF V1
Room temperature storage: For FaSSIF V1, the mean pH 6.50, 6.46-6.53), surface tension (51.65 ± 2.5 mN/m), and buffer capacity (9.49 ± 0.3 mM/l/ΔpH) were stable over the entire 96-h storage period at RT. The turbidity of the media increased from the initial value (6.79 ± 6.34 NTU) to 13.24 ± 3.47 NTU after 2 h of storage at RT, then increased further over the remainder of the 96-h storage time to 18.99 ± 3.15 NTU. The particle size increased from 48.38 ± 17.93 to 64.31 ± 6.27 nm during the first 2 h at RT and then plateaued to a value of 70.21 ± 5.31 nm after 96 h at RT. Although there is an apparent trend toward an increase in particle size with time for FaSSIF V1, values were not statistically significant different for any time point comparisons. The lack of significance in the results for particle size is attributable to high variability among individual measurements. The polydispersity index decreased from 0.07 ± 0.04 to 0.03 ± 0.02 during the first 2 h and remained extremely low (0.033 ± 0.028) over the rest of the storage time at RT.
Additional storage at 37 °C: None of the measured parameters varied between the values after 2 h of RT storage and after 24 h of storage at 37 °C.
Comparing the results from samples stored for 96 h at RT and after an additional 24 h at 37 °C, values of pH, surface tension, buffer capacity, and polydispersity index remained stable. There was a minimal increase of turbidity under the same conditions from 18.99 ± 3.15 to 21.45 ± 2.47 NTU (p = 0.049). Particle size also increased slightly to 73.62 ± 5.19 nm, but the increase was not significant.
Apart from turbidity (14.13 ± 0.4 vs. 21.45 ± 45, p = 0.001), a comparison of parameters between samples exposed to 2 h at RT then held for 24 h at 37 °C and those exposed to 96 h at RT then held for 24 h at 37 °C did not reveal any significant differences.
FaSSIF V2
Room temperature storage: The mean pH (6.50, range, 6.49-6.52), surface tension (48.33 ± 4.81 mN/m), and buffer capacity (9.43 ± 0.46 mM/l/ΔpH) for FaSSIF V2 were stable during the first 2 h and over the rest of the 96-h storage period at RT. A slight increase in turbidity was observed from 0.32 ± 0.1 to 0.39 ± 0.1 NTU during the first 2 h, and the value increased further to 2.72 ± 0.09 NTU after 96 h (p < 0.001). Particle size measurement revealed a gradual increase between the initial value and at 2 h, from 14.19 ± 1.46 to 29.31 ± 2.47 nm (p < 0.001). By 24 h, the particle size had reached 41.24 ± 0.36 nm. However, after 96 h at RT, there was no further increase, with a measured value of 41.79 ± 0.16 nm. The polydispersity index was 0.155 ± 0.06 and did not change significantly with time during storage at RT.
Additional storage at 37 °C: When the samples were equilibrated for 2 h then held at 37 °C for 24 h, pH, surface tension, buffer capacity and polydispersity index remained stable. The turbidity remained low, increasing only from 0.38 ± 0.09 to 0.99 ± 0.5 NTU (p = 0.017), but the particle size increased from 29.31 ± 2.47 to 42.58 ± 0.89 nm (p = 0.016).
Other than the particle size, which increased from 41.79 ± 0.16 to 51.67 ± 0.12 nm (p < 0.001), all other parameters remained stable when FaSSIF V2 was exposed to an additional 24 h at 37 °C after being stored at RT for 96 h.
Comparison of the data for samples subjected to 37 °C for 24 h after 2 h of storage at RT with those for samples stored at RT for 96 h then subjected to 37 °C for 24 h revealed no differences in pH and surface tension. However, there were statistically significant differences in values of turbidity (0.99 ± 0.5 vs. 2.64 ± 0.04 NTU, p < 0.001), particle size (42.58 ± 0.15 vs. 51.67 ± 0.12 nm, p < 0.001), and polydispersity index (0.07 ± 0.01 vs. 0.19 ± 0.01, p = 0.001).
FaSSIF V3
Room temperature storage: During the first 2 h of storage at RT, mean pH (6.75, range, 6.73-6.78), surface tension (36.45 ± 0.62 mN/m), and buffer capacity (4.72 ± 0.45 mM/l/ΔpH) values were stable and remained so over the rest of the 96-h storage period. The turbidity value remained low over the entire 96-h storage period at RT. In the first 48 h, turbidity was stable at 0.81 ± 0.64 to 0.83 ± 0.06 NTU, then increased gradually to 3.45 ± 0.06 NTU after 96 h (p < 0.001). Results from dynamic light scattering revealed a slight particle size increase from 8.83 ± 0.19 to 11.13 ± 1.12 nm during the first 2 h at RT. After that, there was a further increase in particle size during storage at RT to a value of 23.82 ± 1.77 nm at the end of 96 h (p < 0.001). The value of polydispersity index was stable over the first 2 h at RT (0.25 ± 0.04 vs. 0.24 ± 0.04) and averaged 0.292 ± 0.053 during the rest of the 96-h storage period at RT.
Additional storage at 37 °C: Values of pH, buffer capacity, and polydispersity index remained constant when exposed to 24 h at 37 °C after 2 h at RT. By contrast, there were statistically significant changes in surface tension (p = 0.043), turbidity (p = 0.01) and particle size (p = 0.027). However, the absolute differences in surface tension (36.8 ± 0.2 vs. 36.3 ± 0.22 mN/m), and turbidity (0.88 ± 0.74 vs. 1.38 ± 0.05 NTU) were very small. Similar to the results during storage at RT, the particle size grew continuously during the 24 h at 37 °C (from 11.1 ± 1.1 to 20.3 ± 1.5 nm).
When FaSSIF V3 was exposed to 24 h at 37 °C after storing at RT for 96 h, no differences in pH, surface tension, buffer capacity or particle size were observed. Turbidity increased slightly to 8.63 ± 0.03 NTU (p = 0.016) and
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Results after incubation for 24 h at 37 °C after 2 h at RT were also compared with those obtained after FaSSIF V3 was stored at RT for 96 h then exposed to 37 °C for 24 h. Values for pH, surface tension, buffer capacity, and polydispersity index were similar, but turbidity (1.38 ± 0.05 vs. 8.63 ± 0.03 NTU, p < 0.001) and particle size were higher (20.3 ± 1.53 vs. 27.31 ± 1.01 nm, p = 0.05) when the RT storage time was longer.
FeSSIF
Room temperature storage: All measured values of FeSSIF for pH (mean 4.99, range 4.96-5.1), surface tension (48.63 ± 0.35 mN/m), turbidity (0.5 ± 0.1 NTU), buffer capacity (71.51 ± 0.63 mM/l/ΔpH), particle size (5.85 ± 0.21 nm), and polydispersity index (0.11 ± 0.029) were stable during storage at RT for the first 2 h and during the rest of the 96-h storage period.
Additional storage at 37 °C: When FeSSIF was exposed to 24 h at 37 °C after being stored at RT for 2 h, all parameters stayed within one standard deviation of the initial mean value except for the surface tension which decreased from 48.8 ± 0.4 to 41.14 ± 0.12 mN/m (p < 0.001).
Comparison after storage for 24 h at 37 °C following either 2 or 96 h at RT revealed very small but statistically significant differences in pH (mean 4.97 [range 4.93-5.00] vs. 5.03 [5.02-5.05], p = 0.01), surface tension (41.14 ± 0.12 vs. 46.92 ± 1.69 mN/m, p = 0.032) and polydispersity index (0.24 ± 0.03 vs. 0.14 ± 0.01, p = 0.02). Turbidity, buffer capacity, and particle size all remained stable.
Microbiological Analysis
Over the 14-day incubation period, no microbiological contamination was observed in any biorelevant media sample and there was no increase in turbidity in comparison with the negative control. By contrast, the positive control was turbid and small particles corresponding to microbial growth were observed within 48 h.
Cryogenic Transmission Electron Microscopy (Cryo-TEM)
The results of Cryo-TEM for FaSSIF V1, V2, andV3 are shown in Figure 4 .
FaSSIF V1
Various colloidal structures were observed in Cryo-TEM for FaSSIF V1. Each of the following structures were observed in at least one sample: vesicles, disc micelles, agglomerates of disc micelles, thread-like micelles, and globular micelles; however, only thread-like micelles could be consistently observed across all storage conditions and incubation times.
After 2 h at RT, both vesicles and thread-like structures were observed. The thread-like structures appear to be micellar in nature (Fig. 4, left panel, A-I and A-II) (12) . When the equilibrated samples were incubated at 37 °C for 24 hours, the thread-like micelles were still observed, but no vesicles were found. Instead, multi-layer structures with three or more layers appeared (Fig. 4, left, D-I and D-II) . The layers may have consisted of stacks of individual units or may have been thread-like micelles that had folded back on themselves; the resolution was not sufficient to distinguish between these two possibilities. Gore et al. described similar structures as disc micelles, which are associated with each other by entropic forces (13) . The presence of individual disc micelles in the sample (Fig. 4 , left, D-I) support the possibility of disc aggregation.
After a total incubation time of 24 h at RT, globular micelles (which appear as small black dots in Fig. 4 , left, B-I and B-II) were observed in addition to the vesicles and thread-like micelles. After 96 h of incubation at RT, vesicles and thread-like micelles were present (Fig. 4 , left, C-I and C-II), but no globular micelles were identified. However, after subsequent incubation at 37 °C for 24 h, the globular micelles were again observed on the carbon grid. In these samples, thread-like micelles but no vesicles were observed (Fig. 4 , left, E-I and E-II).
FaSSIF V2
In FaSSIF V2 the following structures were observed in at least one sample: vesicles, disc micelles, thread-like micelles, and globular micelles, whereby the thread-like micelles were the most consistently observed structure.
Two hours after preparation, single globular micelles were observed in FaSSIF V2 (Fig. 4 , middle panel, A-I and A-II). In addition to the globular micelles, vesicles and thread-like micelles were also observed on the grid after RT storage at 24 and 96 h (Fig. 4, middle, B-I , B-II, C-I, and C-II). At the end of incubation at 37 °C, either directly after the 2 h equilibration period or after 96 h of storage at RT, only thread-like micelles were observed (Fig. 4 , middle, D-I, D-II, E-I, and E-II), and these appeared to be of various lengths.
FaSSIF V3
In FaSSIF V3, the following structures were observed in at least one sample: vesicles, disc micelles, and globular micelles. Disc micelles were the most consistently observed structure.
In FaSSIF V3, globular and disc micelles were present after the 2-h equilibration period at RT (Fig. 4 , right panel, A-I and A-II). Disc micelles appeared to be stable in FaSSIF V3, as these structures were also observed after incubation at 37 °C and after storage at RT for 96 h, then after holding the sample for 24 h at 37 °C. Unilamellar vesicles were also observed in FaSSIF V3 in all samples except directly after reconstitution (Fig. 4, right, B-I 
DISCUSSION
Physical Stability FaSSGF
Measurements of particle size and Cryo-TEM were not conducted for FaSSGF because the concentration of phospholipids and bile salts in this medium are below the critical micellar concentration and thus the formation of stable colloidal structures is not expected (14, 15) .
The only parameter which changed significantly during storage of FaSSGF was the turbidity. The European Union specifies values of turbidity for different classes of water. For example, tap water can have a turbidity value of up to 1.0 NTU (16) . During storage of FaSSGF at RT, this limit was not exceeded. After storing FaSSGF for 96 h at RT then incubating at 37 °C for 24 h, the turbidity went up to 2.49 ± 0.47 NTU. Even so, the turbidity was minimal and not visually discernible.
Because all physicochemical parameters measured were essentially the same immediately after reconstitution and after the 2-h equilibration period, it can be concluded that this biorelevant medium can be used immediately after preparation from the instant powder. Based on the physicochemical parameters evaluated (pH, surface tension, and turbidity), it was further concluded that FaSSGF is stable at RT for at least 96 h after preparation.
FaSSIF V1
After equilibration for 2 h, the physicochemical parameters for FaSSIF V1 did not change significantly between 2 and 96 h. These results are in accordance with previously published data and indicate that FaSSIF V1 is stable over a period of at least 4 days after reconstitution of the instant powder and equilibration 
. Cryo-TEM images from FaSSIF V1 (left), V2 (middle), and V3 (right) from assessment during and after storage. Globular micelles (black arrows), thread-like micelles (bold white arrows), disc micelles (white stars), and multi-layer disc micelles (bold black arrows) were observed. Unilamellar vesicles are indicated by a thin white arrow. The width of the scale bar represents 100 nm in every image. Larger images are available in the supplementary material (available from authors). Cryo-TEM, cryogenic transmission electron microscopy. FaSSIF V1-V3, fastedstate intestinal media version 1-3.
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However, several parameters changed significantly during the 2-h equilibration period at RT (turbidity, particle size, and polydispersity index). This appears to be associated with the changing nanostructures in FaSSIF V1 during the initial 2 h after reconstitution, leading to the conclusion that the equilibration period is necessary to achieve a reproducible particle size (18) . In addition to the time factor for equilibration, Schurtenberger et al. indicated that changes in temperature of solutions containing bile salts and lecithin can alter the nanostructure and consequently, the particle size of the system (19) . Thus, the equilibration of FaSSIF V1 should be carried out at RT.
Of the three versions of FaSSIF media, FaSSIF V1 has by far the greatest particle size and accordingly the highest turbidity. There is a non-linear relationship between the particle size and turbidity, hence a small increase in particle size leads to a nearly exponential increase in turbidity. In fact, the opalescence observed at the end of the 2-h equilibration period after preparation of FaSSIF V1 can be used as one of the criteria for quality control. A lack of opalescence may indicate incomplete formation of colloidal structures in the media, which would be reflected in particle size, particle size distribution, and turbidity measurements.
As turbidity increases there is a higher risk of interference due to background noise in, for example, ultraviolet (UV)-based analyses. However, with a robust analytical method such as high-performance liquid chromatography (HPLC)-UV, FaSSIF V1 can be used without reservation for solubility and dissolution experiments.
FaSSIF V2
Although the composition of FaSSIF V2 is similar to V1 (apart from the ratio of bile salt to lecithin), the time required to reach thermodynamic stability differed significantly between these media. Unlike the 2-h equilibration time required for V1, FaSSIF V2 needs up to 24 h to reach a stable particle size and turbidity. Potentially, the progressively increasing values of turbidity for FaSSIF V2 over the first 24 h at RT could pose a hurdle for reproducibility of dissolution results. This issue will need to be further investigated by comparing dissolution in FaSSIF V2 that is stored for 2 h at RT before use versus FaSSIF V2 stored for 24 h at RT before use. In the meantime, we recommend using a standard equilibration time for FaSSIF V2 across all experiments to ensure comparability of the results.
Between 24 and 96 h at RT, all physical parameters were stable and remained so when the sample was subjected to 24 h at 37 °C after 96 h at RT, indicating that once the medium has equilibrated, the parameters are robust. These observations were supported by the similarity in Cryo-TEM structures in the samples.
FaSSIF V3
The third version of FaSSIF media differs significantly in the composition compared to the previous versions. The composition appears to have an influence on the evolution of the particle size, which continuously increased over time and did not reach a plateau within a week of storage at RT. Due to the complex composition of this medium, it is beyond the scope of this work to identify the specific components that lead to this behavior, although it has previously been reported that cholesterol can increase the equilibration time and decrease the particle size of biorelevant media (18, 20) .
The pH, surface tension, buffer capacity, and polydispersity index all remained stable over 96 h at RT, and turbidity values were consistently low.
As with FaSSIF V2, it remains to be seen whether the changing particle size in FaSSIF V3 has an influence on dissolution results. In the meantime, we recommend using a standard equilibration time for FaSSIF V3 across all experiments to ensure comparability of the results.
FeSSIF
FeSSIF displayed good stability with respect to all parameters at all temperature/time storage combinations tested. The high concentrations of bile salts and phospholipids present in this biorelevant medium enable rapid formation of a stable colloidal system. In contrast to FaSSIF versions, no equilibration time is required before use. FeSSIF can be used as soon as the powder is completely dissolved within the buffer system and a clear solution is observed. Based on the physicochemical analyses it can be concluded that FeSSIF is stable over a period of at least 96 h at RT and can be used for experiments within this time-frame.
Particle Size Differences Among FaSSIF Versions
Since the particle size varied among versions of FaSSIF, we examined potential causes of these differences. The main differences between the first two versions, FaSSIF V1 and V2, are the higher osmolality and a higher ratio of sodium taurocholate to lecithin in FaSSIF V1. Ionic strength, adjusted with sodium chloride in these media and reflected in the osmolality, influences the formation of colloidal structures. For example, the addition of sodium chloride to a system containing a constant ratio of lecithin and taurocholate is known to lead to a higher critical micelle concentration (CMC) and a smaller micellar size due to so-called "salting in" effects (21, 22) . On this basis, it would be expected that FaSSIF V1 has a smaller particle size than V2.
In addition to osmolality, the ratio of bile salt to phospholipid can also affect the particle structure and size. In FaSSIF V1 this ratio is 4:1, but in FaSSIF V2 it is 15:1. Decreasing the ratio of bile salt to lecithin at a constant sodium chloride concentration decreases the CMC and leads to particle growth, as suggested by Shankland (23, 24) . On this basis, it would be expected that V1 has a larger particle size than V2. In FaSSIF V1, the effect of a smaller ratio of bile salts to phospholipids appears to override the effect of the higher osmolality effect, leading to a greater particle size in FaSSIF V1 than in FaSSIF V2.
The more complex composition of FaSSIF V3 makes a direct comparison with the two earlier versions difficult. The addition of cholesterol to a bile salt/lecithin system is known to decrease the micellar size to a much lower value (18) . This is supported by the results from PCS and Cryo-TEM. Of course, the other constituents unique to FaSSIF V3 (glycocholate, lysolecithin, and sodium oleate) may also contribute to the differences in structures and particle size observed for FaSSIF V3.
Microbiological Evaluation
The absence of microbiological growth during incubation of biorelevant media in tryptone soya broth indicates that the instant powders are not a source of contamination. Microbial growth in the media during an experiment should therefore be interpreted as contamination by either the equipment or the buffer solution used to reconstitute the medium. To decrease the risk of microbiological growth during experiments of long duration (24 h or more), it is recommended that the buffer system be prepared with water of appropriate microbiological quality.
Structures Observed in Cryo-TEM
Various papers have analyzed biorelevant media with the Cryo-TEM technique. Similar to our findings, Kloefer et al. observed globular micelles, disc micelles, and vesicles in FaSSIF V1 (17) . On the other hand, Riethorst et al. identified micelles of various sizes (20-40 nm) in FaSSIF V1, which appeared to mostly consist of globular micelles (25) . It is possible that no vesicles were detected in the Riethorst study due to differences in the microscopy set-up and sample treatment (e.g., whether or not the samples were centrifuged). The age of the sample at the time of the vitrification process should also be considered, as the medium can change over time depending on the composition.
To enable a better understanding of biorelevant media at a colloidal level, we examined the time-dependency of the structures during storage at RT. To ensure that the nanostructures identified in the Cryo-TEM would be identical to those in the original samples, they were not centrifuged prior to vitrification.
As expected, the differences in buffer system, pH, osmolality, and composition of the phospholipids and bile salts in the various versions of FaSSIF affect the type of colloidal structures present in the media. These differences are reflected in the particle size as well. The observed globular micelles had a particle size in the range between 5 and 20 nm in most cases, whereas disc micelles were slightly larger, at around 20 to 40 nm. Stacks of disc micelles can reach sizes of up to 100 nm and greater, depending on how many individual disc micelles are involved. Particle size measurement of thread-like micelles is difficult due to the high convolution of the particles. Further, they appear to be of varying length and thus no reliable estimation of the particle size is possible. The size of vesicles is usually between 30 and 100 nm. The structures observed by Cryo-TEM were generally in agreement with the PCS data during the assessment at RT, especially for those media containing vesicles and disc-like micelles.
The different sizes and types of micelles and vesicles that have been identified in human intestinal fluid (HIF) were also observed in one or more of the biorelevant media, including micelles within the range 10 to 50 nm, threadlike micelles, and unilamellar and multilamellar vesicles (25) (26) (27) . Comparison of structures that are present in fasted-state HIF with the biorelevant media does not explicitly favor one version of FaSSIF over the others, but rather, they complement one another in terms of representing the structures identified in the luminal aspirates.
Potential Ramifications of Colloidal Structure for Solubility
The solubility of nonpolar compounds is influenced, among other factors, by micellar and vesicular structures. Micelles with an asymmetric shape, such as thread-like micelles, have a larger core volume than round micelles, leading to the assumption that they will have a larger effect MAY 2019 www.dissolutiontech.com on improving solubility (28) . Such thread-like micelles are present in FaSSIF V1 and V2 stored at 37 °C. Due to the larger particle size of FaSSIF V1, the total nonpolar area must be greater than V2, enabling an increased solubility of nonpolar compounds (under the assumption that the number of micelles stays the same). In FaSSIF V3 smaller micelles are found, but there are also vesicles present, and moreover, the presence of cholesterol will have an effect on the hydrophobic structures (18) . Solubility experiments are therefore necessary to determine which of the versions best represents the conditions in vivo. Söderlind et al. determined that neutral compounds had a higher solubility in FaSSIF V1 than V2 (29) . This is also in accordance with the data by Fuchs et al. (7) . Moreover, both ionized and neutral compounds were observed to have an equal or higher solubility in FaSSIF V3 than V2 (7).
Potential Ramification of Colloidal Structures for Stability
Cryo-TEM analyses generally support the assumptions from the physical stability test regarding media stability over time. The constant values of turbidity, particle size, and polydispersity index of FaSSIF V1 are reflected by a stable particle structure in all samples stored at RT. The behavior of FaSSIF V2 was analogous here too, the observed structures were more similar once the medium had been equilibrated (i.e., after 24 h). The influence of storage at a higher temperature (37 °C) not only increased the general particle size but also changed the types of particles observed in Cryo-TEM in both FaSSIF V1 and V2. By contrast, the colloidal structures observed in FaSSIF V3 could not be completely linked with the PCS results. Based on these observations, it seems that although Cryo-TEM is useful to identify trends, there is no consistent correlation with particle size.
CONCLUSIONS
Various biorelevant media are commercially available as powders for reconstitution. Due to the differences in composition, biorelevant media exhibit different colloidal structures and physicochemical properties as well as evolution with time and temperature. The studies presented here enable several conclusions to be made about implementation of biorelevant media in the laboratory.
FaSSGF, representing fasted-state conditions in the stomach, can be used immediately after constitution, no equilibration time is required. It can be stored at RT for at least 96 h before use without any significant alterations in its physicochemical properties.
For FaSSIF versions, representing fasted-state intestinal conditions, a standard equilibration period for the medium is necessary. FaSSIF V1 requires an equilibration time of 2 h, and FaSSIF V2 requires 24 h to reach stable colloidal structures and physicochemical parameters. The parameters of FaSSIF V3 evolve over time. For both FaSSIF V2 and V3, it is recommended that, until the ramifications of evolving parameters with respect to solubility determination and dissolution testing have been evaluated, a standard waiting period (e.g., 2 h) between reconstitution and application is invoked across all experiments to ensure comparability of results.
Like FaSSGF, FeSSIF, which represents fed-state intestinal conditions, can be used immediately after reconstitution, as it equilibrates rapidly. Since its physicochemical parameters remain stable for at least 96 h at RT, it can be stored for several days at RT before use.
Microbiological contamination of the biorelevant medium by the instant powder is not an issue. However, the user is advised to use water and buffers of adequate microbial quality. For experiments of long duration (> 24 h), it is recommended to autoclave the buffer solution.
SUPPLEMENTAL MATERIAL
The supplemental material is available from the author upon request.
